Introduction
Various ceramics, such as Al2O3, AlN, SiC, and Si3N4, have excellent high-temperature strength, corrosion resistance, high electrical resistance and properties that give these ceramics potential application in many fields.
However, ceramics are brittle materials with fracture toughness that is far inferior to that of metals. In order to overcome the low toughness of ceramics, joint structures with high toughness metals, i.e., ceramic/metal composites, have been adopted. Ceramic/metal composites can reduce the disadvantages of ceramics while still exploiting their advantages, and have been widely applied in many fields, such as in industrial equipment and electronic devices.
However, thermal stress is generated in the structures during the joint-cooling process, due to the mismatch in the thermal expansion of the ceramic and metal. Therefore, much research has been devoted to the reduction of thermal stress in order to maintain structural strength.
1) 5)
One particular type of stress reduction technology, metallic insertion, has been widely proposed, 3) 5) where a relatively-soft metal is inserted between the ceramic and metal to form a metallic interlayer.
Brazing is a well-known diffusion bonding technique, and has been used to bond different materials together, and AgCu alloys have been employed as brazing filler metals. 6), 7) In particular, AgCuTi alloys have been widely used to bond ceramic and metal, because the addition of an active metal (Ti) in brazing filler metals effectively improves the wettability of the ceramic surface.
8) 10)
Brazing and/or active metal brazing are appropriate for high-temperature applications, where bond strength and corrosion resistance are required, so that ceramic/metal composites can be used over a wide range of temperature.
However, although the diffusion of brazing filler metals contributes to significant bonding strength, the influence of such diffusion on the mechanical strength (not bond strength, but material strength) of ceramic/metal composites has not yet been systematically studied. Hence, such an investigation is essential to assess the integrity of ceramic/metal composites with brazing alloys.
In this study, we report the effect of brazing filler metal diffusion on the mechanical strength of a ceramic/ metal composite using a SUS304/Cu/Si3N4 system with The effects of brazing filler metal diffusion on the mechanical strength of a ceramic/metal composite are described. First, a specimen of a SUS304/Cu/Si3N4 system, including brazing filler metals of AgCu and/or AgCuTi, was prepared by brazing in a vacuum furnace. Next, the vicinity of the joint parts was observed using field emission scanning electron microscopy. The brazing filler metals were found to diffuse into the Cu interlayer and ramify. In addition, a crack due to thermal stress resulting from a mismatch in thermal contraction between the materials present was observed around the AgCuTi/Si3N4 boundary. Energy-dispersive X-ray spectroscopic analysis revealed that Ag atoms diffused into the Cu interlayer to form the solid solutions of Ag and Cu. Micro-Vickers hardness tests were conducted on the surface of the Cu interlayer in order to examine the effects of brazing alloy diffusion on the hardening of the Cu interlayer. It was found that the diffusion of the brazing filler metals enhanced the hardness of the Cu interlayer. Finally, numerical simulations were performed to verify the increase in thermal stress due to hardening of Cu, and this behavior was discussed using simple equations. The results of the experiments and numerical simulations showed that the mechanical strength of the SUS304/Cu/Si3N4 composite is subjected to the diffusion of brazing filler metals.
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Experimental and Stress Analysis
A specimen of a SUS304/Cu/Si3N4 system, including brazing filler metals of AgCu and AgCuTi, was fabricated as follows. Table 1 Material properties at room temperature for numerical simulations. (σyCu : 63.2MPa, HCu : 515.1MPa), (2σyCu, 2HCu) and (3σyCu, 3HCu). Although material properties should depend on temperature, these were assumed to be constant for the simplicity.
Results and Discussion
Figure 4 (a) shows an FE-SEM micrograph of the Cu interlayer surface after bonding. The brazing filler metals were found to diffuse into the Cu interlayer and ramify.
The amount of AgCuTi diffusion was somewhat larger than that of AgCu. The micrograph in Fig. 4 (b) shows a magnified view of part A in Fig. 4 (a) . Residual thermal stresses were evaluated with a focus on Si3N4, because the fracture strength of the SUS304/ Cu/Si3N4 composite should depend on the thermal stress at Si3N4. The crack initiation is considered to be due to shear stress around the AgCuTi/Si3N4 boundary, because the crack growth occurs along the boundary. In the present analysis, no shear stress, however, was generated because of the isotropic elasto-plasticity of the layers and no tangential relative motions between the materials present. In contrast, shear stresses are considered to be generated in the real sample. This can be explained by the crystal anisotropy in each layer. Materials are generally the polycrystalline structures composed of randomlyoriented grains and an elastic principal axis of each of the grains disagrees with a loading direction ; therefore, the materials are assumed to be isotropy from a macroscopic viewpoint, while they are assumed to be anisotropy from a microscopic viewpoint. If normal thermal stresses due to isotropy (macroscopic stresses) are caused to the sample by a joint-cooling process, then shear stresses (microscopic stresses) occur due to crystal anisotropy. In other words, the normal thermal stresses induce the shear stresses which become the driving force for crack growth; therefore, a normal stress was applied for evaluation of the thermal stress. Table 2 shows the residual thermal stresses at Si3N4 for the three types of yield stresses and hardening moduli. The Si3N4 layer was negatively stressed, because its coefficient of thermal expansion was much lower than any of the other layers.
The compressive-thermal stress increased with increases in the yield stress and hardening modulus of Cu. These results provide an explanation for reduction in strength of the structure, because an increase in thermal stress enhances the driving force for crack growth.
The increase in thermal stress due to the increases in the yield stress and hardening modulus is discussed using the simple model shown in Fig. 8 . Table 2 Thermal stresses at Si3N4, obtained by FE analysis. In addition, the thickness of each layer is indicated by ti.
The strain, εi, is approximately described by the sum of the elastic, plastic and thermal components. If we consider a material with a plane stress and a linear stain hardening, then the strain (εi) is given by (1) where Ei, νi, σyi, Hi, α i, TR and TH are Young's modulus in the longitudinal direction, Poisson's ratio, the yield stress, the hardening modulus, the coefficient of thermal expansion, the room temperature and the temperature before joint-cooling process, respectively. The yield stress (σys) of Si3N4 is set to σs because of the elastic material ; therefore, the plastic strain is set to zero. In contrast, allmetal layers had plastic strains in the present analyses.
The strains at all layers are equal because of zero tangential relative motions between the materials present. A requisite condition for the equilibrium of force, namely zero external force, gives the stress σs :
with (3) These imply that the increase in yield stress accelerates the increase in compressive-thermal stress. The values of σs against yield stress σy2 (= γσyCu) and/or hardening modulus H2 (= γHCu) were obtained using the material properties listed in Table 1 , Eqs. (2) and (3). It should be noted that the term γ is the multiplicative factor with respect to the yield stress and hardening modulus of Cu. Although diffusion techniques have been widely utilized to bond ceramic and metal due to significant bonding strength, diffusion relaxation is required to minimize reduction of the mechanical strength in ceramic/metal composite. Therefore, it is necessary to maintain a balance between bonding and mechanical strength.
Conclusions
The effects of brazing filler metal diffusion on the mechanical strength in a ceramic/metal composite were studied using a SUS304/Cu/Si3N4 system with brazing alloys of AgCu and AgCuTi. Cracking was generated
around the boundary between AgCuTi and Si3N4 due to respectively, where γ is the multiplicative factor.
